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: ABSTRACT
The radiative transfer equation for an absorbing medium is used to develop a
model for microwave emission from soils. The model calculates the micro-
wave emission intensity in terms of the brightness temperature as a function
of the soil moisture and temperature. The consistency of the model is verified
by a comparative study of the present model with other microwave emission
models. The effect of surface roughness on the brightness temperature is
studied by modifying the Fresnel reflection coefficient and by including the
surface depolarization effect. The quantitative effect of the surface roughness
is studied and it is demonstrated.that the brightness temperatures observed for
a natural agricultural terrain can be explained through the inclusion of the rough-
ness éffect. The surface roughness effect is further analyzed to obtain formulae
which are useful in the analysis of the bﬁ@tness temperatures, particularly,
to obtain soil moisture information from the briéhtness. temperatures. The
sensitivity.of the brightness temperature to the soil temperature variatior;s is
studied both qualitatively and quantitatively. A simple formula is obtained to
calculate the soil temperature dependence of the brightness temperature in
terms of the surface and the deep soil temperatures. An algorithm to normalize
the brightness temperatures so as to compare microx;vave cbservations under
different soil temperature conditions is also discussed. A program listing of

the model is given in the appendix.
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. SECTION 1 - INTRODUCTION

-

One of the most promising techniques for the remote sensing of soil moisture
is the use of passive microwave sensors. The microwave frequencies are
chosen because at these frequencies there is a large difference in the dielectric
properties of water and dry soils. Since the emitted energy originates at dif-
ferent depths within the volume of the soil, the analysis of the emitted micro-

wave energy is expected to provide the subsurface soil moisture information.

The purpose of this memorandom is to present a theoretical m;)del for micro-
wave emission from bare agricultural soils. The model utilizes the radiative
transfer equation to calculate the émitted energy in terms of brightness tem-~
perature for a specified polarization state as a function of the moisture and

the temperature within the soil. The predictions of the model are compared
with other microwave emission models - the Burke-Paris model (Reference 1)
and the Wilheit model (Reference 2). A quantitative study has been performed
to show the effect of surface roughness on the emitted microwave energy. The
effect of diurnal variation of soil temperature on the brightness temperature

has also been studied.

The model is formulated in Section 2, Section 3 contains the comparative study
of the model, in Sections 4 and 5 the effect of surface roughness are studied
and in Section 6 the diurnal variation of the brightness temperature is discussed.

A listing of the computer program is given in the appendix.
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. SECTION 2 - MICROWAVE EMISSION MODEL

-

In this section we will formulate a model for calculating the intensity of micro-
wave emission from a bare agricultural soil. In developing this model the

following simplifying assumptions will be made:
1.  The radiation’is incoherent.
2.  Moisture and f:emperature within the soil are functions of depth
only. .
3. Internal reflection of the emerging radiation due to the gradient in

the moisture profile is negligible.

To describe the volumetric emission of the radiation from the soil we will use

the radiative transfer equation.

‘The general form of this equation is:
Ay @1+ s) 0Szsw ' (2-1)
dz e D .

where 2z is the depth into the soil, I is the instensity of the radiation in the
upward direction at depth z , ye(z) is the extinction per unit length, and S(z)
is the source function of the radiation which involves the scattering and the in-
ternal thermal emission within the soil. The coordinate z is decreasing

towards the soil surface.

Since soil is a highly opaque medium, one can neglect the effect of scattering
on the emerging radiation. Also, at microwave frequencies, one can use the
Rayleigh-Jeans approximation, to replace the internal thermal emission by a

term which is directly proportional to the temperature within the soil, T(z).
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{ The general radiative transfer Equation (2-1) then reduces to the equation

(Reference 1): -
Ly @ty @ T 2-2)
dz a a - (

where t is the radiation intensity expressed in units of temperature, ‘ya(z) is

the absorption coefficient of the soil, and T(z) is the soil temperature.

By integrating (Equation (2-2)) over the soil depth, one can calculate the total

microwave intensity in units of temperature as:

t= fm T(z)ya(z) exp(--/'Z Ya(z') dz') dz (2-3)

0 o
The integrated microwave intensity in Equation (2-3) can be interpreted as’
the effective soil temperature. One can easily verify that if the temperature
within the soil is constant then the integrated microwave intensity (Equation 2-~3))

is equal to the soil temperature.

The intensity of the radiation emerging from the soil, called the brightness
temperature, can be calculated using geometrical optics as:

Tgp = (-1t (2-4)

where rp is the reflectivity of the soil surface for the polarization state, p.

In the following we will discuss the calculation of the absorption coefficient,
ya(z) , and the reflectivity, rp , using the soil moisture information. These
quantities, however are not directly related to the soil moisture but to the

dielectric constant of the soil.



Using the thepry of electromagnetic waves in a lossy"dielectric medium, one
can obtain the absorption coefficient as the damping factor for the intensity of
the radiation as (Reference 3, Chapter XIII and Reference 1):

4 :
y,@ =5 a@6) (2-5)

where A is the wavelength of the radiation, 60 is the angle of observation

measured with respect to the stratification, and

| ¢, @)
o (z,Go) = -Z_B-(Z_,GL_) (2-86)
2 1/2) 12
1 2 € @) \ '
g (z, 8)= € (z)-sin 6 ».{{1+ (2-7)
o ° €, (z) - sin’8 )2/
( 1 o
where € 1 and ez are respectively the real and the imaginary parts cof
dielectric constant, € (z), at depth, z:
€ (z) = el(z) +1i 62 (z) (2-8)

For a smooth soil surface the reflectivity rp can be calculated from the

Fresnel equation, where the result for the horizontal polarization is

k - cos?8
o

r = (2-9)

P

k + cosB
‘ o]
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and for the wertical polarization the result is

“

2
k - €(0) cos 60 I

"> " [k + €(0) cos Gol (2-10)

Here, €(0) is the diectric constant at the soil surface and k is a complex

number defined as:

k=B(z=0,Bo)+ia(z=0,60) (2-11)

The Equations (2-3) through (2-11) constitute the basis of the model. Numerical
evaluation of these equations requires the knowledge of the temperature, T(z),
and the dielectric constant, ¢(z), -within the soil. For the calculation of the
.dielectric constant, one requix:es the soil moisture infor;nation (Reference 4).
Thus the main input parameters of the model are the soil moisture and the soil
temperature as a function of depth. It is to be noted that the contribution of

the sky radiation to the observed microwave emission intensity has been ne-
glected in Equation (2-4). This contribution can easily be included by adding

the term (rp Ts ) in Equation (2-4), where Tsky 'is the sky radiation inten-

ky

sity in units of temperature.

In the next section we will compare the predictions of the present model with

other microwave emission models.



SECTION 3 - COMPARATIVE STUDY OF THE MODEL

.

The model developed in the previous section was based upon some simplifying
assumptions. Since, a priori, it is not possible to assess the quantitative error
involved with these assumptions, we will make a comparative study of the pres-

ent model with other microwave emission models.

- The microwave emission model developed by Burke and Paris (Reference 1)
has some resemblance with the present model. The main difference between
them is in the method of integra;ting the radiative transfer Equa:tion (2-2). In
the Burke-Paris model, the soil medium is divided into layers of constant soil
moisture. Based upon experime;lta.l data, the minimum thickness of the layer
was chosen to be one centimeter. The radiation intensity within each layer was
calculated by integrating the radiative transfer equation. In calculating the total
intensity, the efféct of discontinuity in the dielectric constant at the interface
of two consecutive layers, was incorporated through the reflection and the
transmission of intensity at the interfaces. Because we have neglected the
aforementioned dielegtric discontinuity effect, the present model is a limiting

case of the Burke-Paris model for negligible internal reflection of the radiation.

The model developed by Wilheit (Reference 2) is based upon the theory of elec~
tromagnetic waves in a layered dielectric. After calculating the amplitudes of
the electric and the magnetic fields within each layer, the fraction of energy
absorbed within the layer was obtained by applying Poynting's theorem. The
total intensity of the emerging radiation was calculated by weighting the soil
temperature of each layer with the fraction of the energy absorbed within that
layer. Since the fundamental quantity in the Wilheit's model is the amplitude
of the electromagnetic field, the microwave radiation within the soil has been
treated as a coherent radiation. In the present model we have assumed that the

radiation is incoherent within the soil.
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To determine the quantitative difference between diffe;rent models, we calcﬁlated
the brightness temperature using the soil moisture and temperature profiles
measured by Jackson (Reference 4). These soil profiles are representative of
the profiles observed under varied soil conditions. The dielectric constant was
calculated from the soil moisture using the linear regression.results given in
Reference 4. The calculated brightness temperatures at the nadir observation
are given in the Table 3-1 for 1.55 cm wavelength radiation and in the Table 3-2
for 21 cm wavelength radiation. In these tables we have also specified the
average soil moisture associated with these profiles. The results for the
Wilheit model are taken from Reference 4. A listing of the computer program,
used in this calculation, is given in the appendix.

The results in Tables 3-1 and 3-2 show that for both wavelengths, the agreement
between the present model and the Burke-Paris model is quite good. This
agreement indicates that one can neglect internal reflections due to the dielectric

discontinuity at the layer interfaces..

At small wavelength, the results of the present model agree with the Wilheit
model. At longer wavelength (21 cm radiation) however the results of present
model are higher than those of the Wilheit model. This disagreement is par-
ticularly noticeable for intermediate moisture profiles (i.e., the profiles 3,

4, and 5). We have already stated the difference in the formulation of two
models. Whether or not the radiation within the soil is coherent remains to be
investigated. It is also not clear why the two models should show such a large
disagreement for intermediate moisture profiles only. By comparing the ob-
served brightness temperatures with the model calculations, we will illustrate
in the next section, that this difference between the two models can not be

resolved conclusively.



Table 3-1. Bright'ness Temperature for 1.55 cm Radiation
at Nadir Observation .

: Soil Moisture
Present Burke- (unit: Weight percent)
Profile Model Paris Wilheit 0-lcm 0-2.5cm

1 191.0 191.2 195.6 20.9 20.3
2 212.6 212.9 217.1 16.1 16.5
3 272.0 271.6 275.5 11.0 13.8
4 279.9 279.2 281.2 8.4 12.0
5 285.0 284.4 286. 8 5.6 9.9
6 284.7 284.3 287.0 4.4 8.3
7 287.5 287.2 288.7 - 3.0 5.7
8 290.4 290.4 291.1 2.3 3.8
9 295.7 295.7 296.3 1.7 2.4
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Table 3-2. Brightness Temperatures for 21.0 cm Radiation
at Nadir Observation .

: Soil Moisture
Present " Burke- (unit: Weight percent)

Profile Model Paris Wilheit 0-l1cm 0-2.5c¢cm
1 177.3 177.5 173.2 20.9 20.3
2 203.9 204.1 202.7 16.1 16.5
3 250. 7 249.2 229.4 11.0 13.8
4 262.0 260.4 242.1 8.4 12.0
5 270.3 269.0 258.4 5.6 9.9
6 271.6 270.5 268.3 4.4 8.3
7 273.6 272.6 273.0 - 3.0 5.7
8 273.9 272.9 276.1 2.3 3.8
9 278.9 278.0 279.1 1.7 2.4
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SECTION 4 - SURFACE ROUGHNESS EFFECT

“

The comparative study presented in the previous section show that the results
of the present model are in good agreement with other microwave emission
models, at least in the extreme caseé of the soil moisture. However, when
the results of this model were compared with the observed brightness temper-
atures (Reference 4) unexplainable discrepancies were observed, especially
for wet soil cases. Although there was a considerable amount of scatter in

the observed data, it can be conclusively noted that the observed brightness
temperatures were significantly higher than the model calculation. Since the
surface of a natural agricultural terrain, for which the brightness temperatures
were observed, is not a smooth surfac;e, we need to study the effect of surface
roughness on the microwave brightness temperature. The purpose of this
section is to outline a model which shows the effect of surface roughness on the
brightness temperatures. We will also show that the roughness model devel-

oped in this section can provide an explanation of the observed brightness tem-

peratures,

The geometry of the soil surface enters in our model in Equation (2-4) where
we evaluate the emergent radiatioﬁ. If the surface is smooth, the emergent
radiation can be evaluated using the Fresnel formula giveh by Equations (2-9)
and (2-10). For rough surfaces, these Fresnel formulae are not valid. We

will now discuss the effect of surface rohéhness on physical and mathematical

grounds.

From geometrical optics (Reference 3) the radiation incident at any point on
the surface will propagate in the direction which is determined by the angle

of the incident radiation with respect to the normal at that point. For a smooth
surface, the direction of the normal is the same at all points on the surface
and the incident radiation gets reflected or transmitted along a unigue direc-

tion at all points on the surface. The direction of normal at any point on the



rough surface depends upon the location of that point, 'so the incident radiation
will be reflected or transmitted.along many directions and the energy transmitted
along any particular direction (the observed brightness temperature) will be

modified by the surface geometry.

The polarization state of radiation is defined with respect to a coordinate sys-
tem which consists of the tangent and the normal to the surface at the point of
incidence. For a smooth surface, since a coordinate system can be specified
uniquely, the energy transmitted in any polarization state is also unique. For
a rough surface, only the local coordinate system is unique for any given point
on the surface. To define and measure the energy in any polarization state,
when the surface is rough, one requires a standard coordinate system. This
standard coordinate system generally consists of the mean normal and the mean
tangent on the surface. It is thus expected that when the energy measured in
any polarization which has been defined with respect to a standard coordinate
system, then that energy should actually be a mixture of energies transmitted

in both polarization states.

The above effects of roughness will now be stated mathematically. If the rough
surface has a statistical height distribution, then the effect of surface roughness
is essentially to modify the Fresnel reflectivity by an exponential factor of the

form (References 5 and 6):

. exp ('-h coszeo) (4-1)

where 6 0 is the angle of observation and h is a parameter which specifies
the roughness height.
This modification of the Fresnel reflectivity accounts for the radiation energy
being reflected along many directions. We have also noted that the energy in
any polarization state should actually be represented by a mixture of energies

in both polarization states. If Q is the mixing coefficient for the polarization
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states, - then the appropriate reflectivites which should be used in Equation (2-4)

are the follo“;ing; for the horizontal polarization:

-

~ 2

£,0,) = (= Q) ry(8) + Q xy 0] exp (-h cos’ #-2)
for the vertical polarization:

~ _ _ _ 2 _

¥ 0, =[(1-Qr (6)+Qr, )] exp (-hcosB) . (4-3)

where rH(So) and rv(eo) are, respectively, the Fresnel reflectivities for the

horizontal and the vertical polarization states (Equations (2-9) and (2-10)).

The Equations (4-2) and (4-3) are the main formulae of the roughness model.
These formulae have been stated based on the analysis of the effect of surface
roughness on‘t.‘.he emergent radiation. To verify the quantitative accuracy of
the roughness model (i.e., the use of Equations (4-2) and (4-3) in E yuation (2-4)),
we recalculated the brightness temperatures for the soil moisture and tempera-
ture profiles given in Table 3-2. They are shown in Figure 4-1, together with
the observed values (Reference 4), This figure shows that the roughness model
presented here is capable of providing a quantitative explanation of the observed
brightness temperatures. It should be noted that for the nadir observation,
which we have plotted in this figure, the brightness temperatures are indepen-
dent of the mixing coefficient, Q (see Equations (4-2) and (4-3) for 8 0 =0).

The roughness model developed in this section contains two undetermined
parameters, namely, h and Q . In the next we will discuss these pai'ameters

and also derive relations which will be useful in the analysis of brightness tem-~

peratures.
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SECTION 5 - ANALYSIS OF THE ROUGHNESS MODEL

~

The brightness temperatures observed for a natural agricultural terrain are
expected to be affected by the surface roughness. In this section we will use
- the previous section to derive some formulae which can be useful in the analy-

sis of the observed brightness temperatures.

From Equations (2-4), (4-2), and (4-3), the nadir and the off-nadir brightness

temperatures can be explicitly written as:

2 F1 oy o B -
TB(o) =(1-r(0)e ] 1:(9o = () (5-1)
TBH(eo) =[1- I'H(BO)] t(eo) (5-2)
TBV(BO) ={1- I'V(Bo)] t(90) ) * _ (5-3)

The angular variation of the effective temperature, t , is small when the angle
of observation is not too far from the nadir. By neglecting this angular varia-
tion, one can define the normalized brightness temperatures to be the ratio of

the brightness temperature and the effective temperatﬁre, as:

~h
TNB(O) =1=~r(0)e (5-4)
TNBH(GO) =1~ rH(GO) (5-5)

Typv®) =1~ rv(eo) (5-6)

It will be discussed in the next section that these normalized brightness tem-
peratures are useful in comparing the brightness temperatures observed under
varied soil temperature conditions.
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From Equations (4-2) and (4-3) we can write ~

~ 2
?H(ao) + rV(GO) = [rH(Go) + rv(eo)] exp (~h cos 60) (5=7)

o ~ _ . _ 2
¥.0,) - T, 0 =[r 6) -1t 6)](1-2Q * exp (-hcosg) (5-§)
Using Equation (5-4) we can write

coszeo
1- TNB(o)

() (5-9)

exp (~h cos290) =

1f we now combine the Equations (5-5, (5-6), (5-7), and (5-9) then the following
relation between the nadir and the off-nadir b.rightness temperatures can be '

obtained:

_[T ©®)+T. (@6 ﬂ
NBHVo' ~ "NBVVo
1-1— 2 PH@J+rV@J

- 2
[ [r(o)Jcos 8,

The left hand side of Equation (5-10) contains the brightness temperatures for

1
== (5-10)
cosze 2
] 0

[1 - TNB(o)

an arbitrary rough surface but the right hand side contains the reflectivities .
of a smooth surface. The equality of two quantities imply that the following
brightness temperature parameter,

[Txen® * Tnav@o]

1 -
p=_t I (5-11)
cos g

E-TNBwﬂ
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must be independent of all effects of the surfice roughness. Thus, for a given
soil, if the moisture dependence of B is known then that moisture dependence
should remain the same for all surface roughness conditions. We have thus
identified a brightness temperature quantity which is independent of all sur-

face roughness effects.

From the above equations one can also derive the following relation among the

off-nadir brightness temperatures only:

['T @ )+T ® j
NBH" o NBV o
1=t 5 7 1 [ rH(eo) + rV(GO)

< == - - (5-12)
Tyav®) ~ Trpr®) 2| @) - Ty @] @ ZQ)]

Since the only roughness parameter which appears in Equation (5-12) is the
mixing parameter, Q , one should be able to identify this parameter by com-
paring the brightness temperature quantity appearing in the left hand side of
Equation (5-12) with the corresponding quantity for a smooth surface. One
should also note that the brightness temperature quantity appearing in the left

hand side should increase with the increase in roughness.

From Equation (5-4) one can derive a relation between the smooth surface
brightness temperature, TﬁB(o) and the rough surface brightness temperature,
TIS\IB(O) , observed under similar moisture conditions as:
R h S
[l - TNB(O)]_e = [1 - TNB(O)] (5-13)

Since the only roughness parameter appearing in Equation (5-13) is the param-
eter, h , one should be able to use Equation (5-13) to identify this parameter

from the observed brightness temperatures. From Figure 4-1 we see that for
drier soils, the brightness temperatures under both smooth and rough surface

conditions, are less sensitive to the soil moisture. Thus, under dry soil
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conditions, one can use Equation (5-13) to determine the roughness parameter
without knowing the exact value of the soil moisture. If the roughness param-
eter is known, then Equation (5-13) is expected to be useful in estimating the
soil moisture from the observed brightness temperatﬁres and known moisture
dependence of the brightness temperature for a smooth surface. Thus, the

relation Equation (5-13) should be useful for a statistical inversion purpose.

It should be noted that for off-nadir observations one can use Equations (5-5),
(5~6) and (5-7) to obtain

1
1 -5 Tygu®) * Txmy

1 2
(60)] 3 [rH(GO) + rv(eo)] exp (-h cos 60) (5-14)
In analogy with Equation (5-12) we see that the brightness temperature quantity
appearing on the left hand side of Equation (5-14) depends upon the ioughness
parameter h . Thus if the moisture dependence of the Fresnel reflectivity is

known then a graphical study of X and Y defined as

T...6)-T._...(6)
X = lN]BV o} NBH' o (5-15)

1- ?[TNBH( 9+ TNBV(eo)]

1

-5 [TNBH (5-16)

©)« T1~n_=,v(ao)]

can determine both the roughness parameters h and Q. The Figure 5-1
illustrates the determination of these parameters. The brightness temperature
quantities defined by Equations (5-13) and (5-16) were calculated from observed

off-nadir (60 = 350) 21 cm brightness temperatures for different surface
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roughness conditions (Reference 7). The theoretical curves were calculated

using the dielectric constants of Miller Clay from the equations:

(9 - Ty(8)
rH(GO)+ rv(eo)

X=2 (1-2Q)

2
¥ =5 [rg(8) + 7y(8)] exp (b cos” @)

We see that by fitting the theoretical curve to the observation, bne can estimate
the roughness parameters. Note, that the required information for the deter-
mination of roughness parameters is the soil type and not the moisture values
corresponding to the observed brightness temperatures. For remote sensing
purposes a dual-polarization radiometer system seems to be appropriate for

determining the surface roughness parameters.
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SECTION 6 - DIURNAL VARIATION OF THE BRIGHTNESS TEMPERATURE

-

As stated in the introduction, the primary motivation for developing the present
model was to gain soil moisture information from the brightness temperature.
The observed brightness temperatures however, not only depend upon the

soil moisture but also on the soil temperature. Since the soil temperatures
show a diurnal variation, it is desirablé to know the effect of diurnal soil tem-
perature. Also, to compare the brightness temperatures observed under dif-
ferent soil temperatures conditions, we should have a model tc pormalize the
observed brightness temperatures. This section contains an analysis of afore-

mentioned problems.

The soil temperature explicitly appears in the calculation of the effective tem-

perature, t , in Equation (2-3) as:

t= j(; T(z) W(z) dz (6-1)

where the weighting function, W(z) , has been defined as:

. z )
W) =y, (2) exp (-fo y, (') dz’ (6-2)

It can easily be verified that the weighting function satisfies the normalization

condition:

/O- W(z)dz =1

Since the soil temperature has been integrated over the whole depth, the actual

sensitivity of Equation (6-1) to soil temperature variations is unclear. It is



however understandable that this sensitivity will be determined by the nature

of the weighting function.

~

If the weighting function is a monotonically decreasing function of depth, then

by expanding the soil temperature in a Taylor series as:

dT
T(z) =T(0) +EZ-_ 0 z (6~3)

(where T(0) and (dT/dz)lo are, respectively, the surface temperature and

slope), one can write the effective temperature of Equation (6-1) as:

t = t(0) + 9T (6-4)

dz

0

where <z>.is the sampling depth defined as:

<z> =/(; z W(z) dz (6-5)

Consistent with the Taylor series expansion of Equation (6-3), one can interpret
Equation (6-4) as the soil temperature at the sampling depth. With this inter-
pretation, the diurnal variation of the brightness temperature should be deter-

mined by the variation of soil temperature at the sampling depth.

To gain further understanding of the sampling depth, let us assume that the

absorption coefficient can be represented by (see Equation (2-5)):

Y, @ = il [a+be ") (6-6)



where the coefficients a, b, and s are determined by the moisture profile.

+

Using Equations (6-6) into (6~5) one can obtain an explicit formula for the

sampling depth as (Reference 8, pages 308 and 940):

4ara 477’b)
+ ——— ——

As ’ s (6=7)

A

v

"
§1>

@(1, 1

where & is the degenerate or confluent hypergeometric function.

From Equation (6-7), the following limiting cases are obtained:

A (L) (_4mb ama
<z>a=4ﬂ(a)ex.p-(. -AS) for( )<<1

The above limiting cases show that for small wavelenghts the sampling depth

is primarily determined by the surface moisture, and for long wavelength the
sampling,; depth depends upon the param.eters of the moisture profile. Itis also
expected that the sampling depth will increase with the increase in wavelength,
though a linear increase of sampling depth with the wavelength is not expected

because the dielectric constants also depend upon the wavelength.

To provide further justification for Equation (6-4), we will now show that the
effective temperature can be expressed as in Equation (6-4) without making the

Taylor series expansion of Equation (6-3).

6-3



Integrating by parts, one can write Equation (6-1) as:

-

® 1 dT z
t =T(o) + J/; (—dz—) exp (—J( o Ya@) dz') (6-8)

where T(o) is the surface temperature.

The exponential term in Equation (6-8) is in general a rapidly decreasing func-

tion of depth. As a good approximation, we can write Equation (6-8) as:

dT x xR
: exp| - v (z')dz'] dz (6-9)
070 o 2

t=~ T(O) +a—zw

where (dT/dz)] o 1s the surface slope.

One can now easily verify that the integral term in Equation (6-9) is the sampling

depth. Thus Equation (6-9) is again’equivalent td Equation (6-4).

From the above analysis, the effective temperature should be approximately
equal to the soil temperature at the sampling depth. Also, the diurnal variation
of the brightness temperatures for small wavelengths is expected to be larger

than that for longer wavelengths.

To make a quantitative calculation for the effective temperature, one requires
detailed information about the soil temperature and moisture. Under many
circumstances, however, such detailed information is not available. In the fol-
lowing, we will derive an approximate expression for the effective temperature

which does not require such detailed soil profile information.

Let us assume that the information available for calculating the effective tem-
perature are the surface and the deep soil temperatures. The soil surface

temperature can be obtained remotely via infrared spectroscopy. The deep
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soil temperature (i.e., soil temperature at the depth of about one meter) was

chosen because this temperature does not show much diurnal variations.

The soil temperature profile can be expressed in a general form as:

T(@) =T_+(T,-T,) f@ (6-19)

where T 0 and T_ are the soil surface and the deep soil temperature, respec-

tively. The function £(z) is an arbitrary function of depth subject to the con-

ditions

f(z=0) = 1
(6-11)
f(z==) =0

. Using Equation (6-10), the effective temperature Equation (6-1) can be written

as:

t=T_+(T,-T)C (6-12)

where

C =‘/; f(z) W(z) dz (6-13)

By writing the effective temperature as Equation (6-13), we have incorporated
all unknown quantities into the constant, C . For Equation (6-13) to be useful
we need to specify a value for C which will depend only upon the wavelength

of (;he radiation. We will now consider the determination of this constant.

6-5



Examination of- measured soil temperature profiles (Réference 4) shows that
the difference between the surface and the deep soil temperature (soil tempera-
ture at the depth of about 1 meter) decreases as the moisture increases. Since
for wet soils, this difference in temperature is small, we see that an exact
value of C is not needed for approximate calculation of the effective tempera- .
ture. For dry soils, however, the effective temperature will be sensitive to
the choice of C because the temperature difference in Equation (6-12) is large.
The above discussion suggests that if we calculate C using the profiles for dry

soils then that value of C should also give reasonable estimates of effective

temperature for the wet soils.

To verify the quantitative accuracy with which one can calculate the effective
temperature using a fixed value of C , we used the soil profiles cited in

Tables (3-1) or (2-2). The effective temperatures calculated using the Equa-
tions (6-1) and (6-12) are given in Table 6-1 for two different wavelengths. The
value of C was calculated using the dry soil profiles. Although the calculated
vah;es of effective temperature from Equation (6-12) are somewhat higher than
those obtained from Equation (6-1), the good agreement between the two effec~
tive temperatures is quite encouraging.

If we assume that the soil profiles used in our calculation, are representative
of a general case, then an approximate formula for calculating the effective

temperature will be:

t=Tm +0.77 (To'T@) for XA =1.55cm
t=Tm+0.28 (TO-TQ) for A=21cm

It should be noted that the sampling depth infcrmation discussed previously has

been implicitly incorporated into the above formulae through the calculation of
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Table 6-1. Comparison of Exactly and Approximately Calculated
Values of Effective Temperature

Profile

DN WM

-3

A =1.55cm A=21lcm
t from (6.12) t from (6.12)
t from (6.1) C =0.77 t from (6.1) C =0.28
293.6 293.2° 289.3 290.7
299.0 297.8 289.9 292.3
300.7 '301.4 » 290.6 293.6
303.3 305.3 292.1 295.1
305.9 307.1 294.7 295.7
304.9 309.0 294.7 296.5
307.5 311.3 395.9 297.3
310.7 312.1 296.2 297.6



 these constants. We see that the value of the Constant increases as the wave-

length decreases. For very long wavelengths, the effective temperature will
be close to the deep soil temperature and for short wavelengths, the effective

temperature will nearly equal to the surface temperature.
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SECTION 7 - OUTLINE OF AN INVERSION ALGORITHM

“

In this section we will outline an algorithm for obtaining the soil moisture

information from the observed 21 cm wavelength brighmess temperatures over

an agricultural terrain.

The brightness temperature observed over an agricultural terrain deperds upon
the soil moisture, the soil temperature and the roughness structure of the soil
surface (References 4, 7, 9). The nature of these dependencies is discussed in
the preceding sections and also by other investigators (References 1, 2, and
10). The soil temperature shows an areal and a diurnal variation and the
roughness structure of the soil surface depends upon the cultivation practice

of that area. To obtain the soil moisture information from the brightness
temperature, we need to normalize the brightness temperature to account for
the soil temperature and the roughness structure dependence of the brightness
temperature. If we can successfully normalize the brightngss 'tempera.ture,
then the normalized brightness temperatures will depend only upon the soil
moisture. For a given wavelength of the radiation, the dependence of the

normalized brightness temperature on the soil moisture is expected to be

unique.,

The starting point of the inversion algorithm is to fin;l a unique relationship
between the soil moisture and the normalized brightness temperature for the
21 cm wavelength radiation under smooth surface condition. For this purpose
we used the observed brightness temperatures and the corresponding effective
soil temperatures obtained by Newton (Reference 7) to calculate the normalized
brightness temperatures defined in Equation (5-4). A linear regression study

was performed between the normalized brightness temperatures (TIiB) and



the average soil moistures in the 2.0 cm sugface layer expressed in dimension-
less percent field capacity (FC) units (Reference 4) by taking the conversion

factor at 35 percent level to obtain the following relation:

S

=-1.49 + 169.6 (1 -
FC | 9.6 (1- T oo

) (7-1)

The correlation coefficient of the regression study was 0.956 and the standard

deviation of the regression coefficient was 14.4.

The normalization of the brightness temperature to account for-the diurnal soil
temperature variation is discussed in Section 6. From the knowledge of the
soil surface temperature (TO) and the deep soil temperature (T_), one can

calculate the effective soil temperature (t) from the equation

t=T_+0.28(T_-T,) (7-2)

Remote infrared spectroscopy will give the soil surface temperature, and the
deep soil temperature can be chosen approximately based upon the location and

the season of observation.

The effect of surface roughness on the brightness temperature is discussed in
Sections 4 and 5. We noted in Section 4 that the brightness temperatures of
drier soil are less sensitive to the soil moisture but are affected by the rough-
ness condition. Since the brightness temperature decreases with the increase
in the moisture, one can stipulate that the highest value of the observed bright-
ness temperature will correspond to a dry soil case. One can now use Equa-

tion (5-13) to calculate the roughness parameter of the surface (h) :

h__ 0.095
e 1 )
NB

(7-3)
1-T



where the numerical factor is due to the smooth surface brightness temperature

1 4
and TNB is the highest normja.lized brightness temperature.

Another way of estimating the roughness parameter will be to study the high
and the low values of the brightness temperatures. If the range of the moisture
values corresponding to the observed brightness temperature is known then

the roughness parameter can be calculated from the following equation:

e = . (7T=-4)

where ATNB is the difference o"f the observed high and low values of the
normalized brightness temperature and AT;B is the difference of the smooth
surface normalized brightness temperature corresponding to the expected range

.

of moisture values.

As discussed in Section 5, for an off-nadir dual-polarization radiometer sys-
tem, one can calculate the roughness parameter by studying the sum and the
difference of the normalized brightness temperatures (see Equations (5-15) and
(5-16)). Also, for off-nadir observations, the average brightness temperature

of two polarizations is nearly equal to its nadir value.

Once the roughness parameter of the agricultural terrain is known, the mois-

ture values corresponding to each observed brightness temperature (TN_B) can
be calculated from the Equation (5~13) and (7-1) as:
h .
FC=-1.49+169.6 (1L -T, __)e (7-5)

NB

Thus, the inversion algorithm is the following:

Normalize the observed brightmess temperatures using Equation (7-2) and

calculate the roughness parameter of the agricultural terrain from Equations
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(7-3) and (7-4). Using the roughness parameter caleulate the soil moisture

'value corresponding to the normalized observed brightness temperatures from
Equation (7-5).

The effectiveness of the inversion algorithm was studied using the brightness
temperature data observed over bé.re agricultural fields during dawn and mid-
day of March 18 and 22, 1975 (Reference 11). The soil surface temperatures
were measured with a thermal infrared radiometer and a field crew performed
measurements of the soil moisture and the texture. The target fields were

800 meters wide and 400 meters long. The primary surface condition was

furrow.

Using the measured deep soil temperature T_= 13°C and the observed soil
surface temperatures TO we normalized the observed brightness temperatures.
From these normalized brightness temperatures we calculated the roughness
parameter (eh =1.9), and then the soil moisture from Equation (7-5). In Fig-
ure (7-1) er show the comparison of the observed and the calculated values gf
the soil moisture, in the 2.0 cm surface layer. Also shown in the figure is the
1:1 line for the perfect agreement. We see that the calculated values are lower
than the observed soil moistures. It appears that a better estimate for the ob-
served soil moisture will be obtained if we add 10 percent field capacity to the
calculated values from Equation (7-5). Considering the simplicity, the effective-
ness of the inversion algorithm is quite encouraging. It should be noted that

if soil moisture is expressed in units; other than field capacity then the numer-
ical factors appearingvin Equations (7-1) and (7-5) will be different. Since the
fundamental quantity which appears in the radiative transfer equation is the
dielectric constant, it is expected that the most appropriate unit of soil mois-

ture should be the one for which the dielectric constant curve does not depend

upon soil type.
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R2=z-5,11+0,585%YYY

IF (YYY.LT.19.) GO TO 500

R1=7.85+0,25%YYY

R2=0,26+0,29%YYY

60 TN S00

Rl1=2.,5+0,22%YYY

R2=0,17=YYY

I[F (YYY.LT.11.5) GO TN 500

Rl==12.2+1.,5%YYY :

R2=-1,5+0,35%YYY

GN TN s500

[F (YYY,GE.11.5) GO TO 410

R1=2.5A+0,298%YYY

R2=0.060%YYY

G0 TN 500

R1==9,9+]1,34%YYY

R2==] 44+ ,1RS%YYY

DSOTL=CMPLX(R1,KR2)

RETURN

WRITE (A,700) ) :
FORMAT(/////+20X."'$8888  SOIL DIELECTRIC CHINSTANT IN ERROR ')
DSNIL=CMPLX(1a0l,) . .
RFTURN

END

SUBRNUT INE REF IND(MUT ,HH  VV ,PARM,HH1, VV1)

CALC NF HH REFLECTIVITY

RFF FOR AIR SOIL OR &8IR SNOW INTFRFACE
PARM SPECIFYS THE SURFACE ROUGHNESS

SFE RURKE AND PARIS /NAaSA TECH NOTE., .USC

CCAMPLEX DSOTL ¢ DSNOW.HMHD o VN, VD4R, R P
REAL®4 MYT



DO

[ Nien e B wn B T Bien BN HEO |

100

CﬂMMnN4Mﬂ/NMAx2

R=DSNTL (NMAXD)
SI=SQORT (1 .~MuyI=MUT)
R1=RFAI (R}

R?=ATMAG(R)

ARETAL1=R1-~-SI=xS]
RFTA?=(R2/RETALl ) =x)
RFTA=SNRT(O.S5%RFTAL=({1,+SORT(1.+HFTA2)))
ALFA=N_5%=R2/RETA
RP=CMPILX{RETA,ALFA)

HN=z=RP =M} ]

HN=RP+MIJ T

HH=CARS (HN/HN)XCARS (HM/HD)
YN=RP=R&EM|I]

VN=RP+RuMII]
VVCARS{VN/VN)I=CARS(VN/VD)
IF (PARM_EN,N.NN)Y RO TN 100
NAMP=REAL(IR) =S I%ST

HH] =HHUEXP(~PARM)
VVI=VVREXP(=PARM) .
RFT!IRN

HH ] =N

vvl=Vy

RFETLIRN

R

SHRRNUITIME SAELSFT (%)

REAN SAT1L MOISTHRE AMD TEMPERATIIRE NATA

Xx=0 AT THOp AMD [NCREASTMG AS NFRATH TAMCRFEASES

NATA VALUES ARFE AT IMFeTH X

[F TNP SNATL MOISTUKE AND TEMPERATURE 1S NNT SIVEM THFM
THROLAGH ONANRATIC PNLYMAMTAIL  THFE PATA WL KE O INTEYPOLATED RUT
NFEFP SATIL MOISTURS ANND TEMPERATHRE MIIST HE Ux{'WINFN

SEFE THE FARMAT HY WHIMrH THE NATA W' [ RF RFaN

REAI %4 TITILE(RD)
COMMAN/SETL/NILMAX Y (10N} SMINN), TEMP (IO,
COMMNON/COML/ZXSNOLLINO) XSOLI100)« XMAX,LLAMDA

RFAN(S.10,ENN=A99) (TITLE(IV.[=1.75)
WRITE (AJI0) (TITIE(TIY.[=22.7%)
READ{S.,20) NI




D0 40 I=1,NL
READ(5,30,END=600) “Y(I)4SM(1),TEMP(T]
40 CONT INUE

XMAX=75.0

NLMAX=NL .

IF (Y{1).EN.0.0) GO TO 500
NLMAX=NLMAX+]

IF (NLMAX.GT.99) GO 7O 600

BACKWNRND [INTERPOLATION TO DRTAIN VAILUE AT X=0

SMM=SM(1)~-0.5*%(SM(2)1=-SM(1))
TPP=TEMP(L1)-0.5={TEMP(2)1-TEMP (1))

S00 IF (YUINL).GE.XMAX) GO TO 700
NLMAX=NLMAX+1
IF (NLMAX,GT.99) GO TO 600
Y (NLMAX)=XMAX :
SM{NLMAX)=SM(NL)
TEMP (NLMAX)=TEMP (NL)

700 IF (Y{1)1.EQ.0.0) GO TN 450
NN 400 T1=1.NL

400 xSaL(Ir=y{(I)
Y{1}=0.00
NO 410 I=1.NL

410 Y([+1)=xSOL(I)
DO 420 I=1.NL

420  XSn(I)y=SM([)
SM{1)=0.00
IF (SMM,GGFE,0.) SM(1)=SMM
DO 425 [=1.NL

4?25  SM(I+1)=XxSOL(I)
PN 430 I=1.NL

430 XSOL(I)=TEMP(L)
TEMP(1)=TPP
DN 440 [=1,NL

460 TEMP(I+1)=XSOL(D)

450 CONTINUE )
RETURN _

10 FORMAT(T75A1)

20 FNRMAT(IS)

30 FARMAT(3F10,2)

600 CONTINUE

A-11



[F (XMAX , LT.0.NN0) WRITE

1F (NIMAX AT ,99) WRITFE
71n FNRMAT(15X.!
720 FAORMAT (20X, !
730 FNRMAT (20X, ¢
AQ9  CNNTINUFE

RETHRN ]

END

N AR “PNINTS

SO NEPTH

SOt NDEPTH HAS MOT HEEN

/7 FXEC LINKGN,REGIOM.6GA=150K
//GN,SYSUNDUMP DN SYSOT=A
//GN.NATAS DD =%

SIMUL_ATERN 2 DAY AFTER

15
N.2%
NLBN
2.0
4,0
7.0
17.5
17.56
2.0
36,0
45,0
S4.0
AS L0
75.0
AL, N
45,0
3/8/71.
1»4

27.50
5.7
272.6A
1.3
0.2
19.8
19.5
19.7
1R.5
17.5
1A.3
15.3
13.9
t1.0
Q_8

2 NAYS

20.7
21.5
Q. R
19,.HK
19.1
18.9
14,0
19,1
Ja, R
1R.R
1R, A
1R, 2
17.3
1.2
15.R

293.,7
292.5
291,27
2R K
28R .5
P2HA X
2R5.5
2R5,0
2HALT
PHA,L
7RA LR
PHT LA
e DM 3
2m9 .0
ACTER [w=w

263 .7
292 ,5
291 .A
290,49
2901
PRG A
PHN, Y
27,9
284,58
2R5 .1
2K85.0
PRGN
2K8 .7
286,12
PRALYI

(A,

730)

{ALTYIDY)

M

NDATA SFT TON 1 ARGF V)

(DAY 3 MAORNING MOTSTURELAFTFRMOGN

[N SOTL RAPA SET TON ILARGFEY)

SPECIFIFN PROPERIY!')

TEMP)



i«

75.0 }4.0 P2RT LT

RSN 11.2 ?85.5

a5 .0 9.6 PR I
2/A/ 71 & NAYS AFTER [Re,
1R

N.?8 15.7 2949 ,4
N.S 1A.3 2Q97.7
1.5 1.5 294 0K
2.5 17.2 293 .0
3,5 17.3 291.7
4,5 17.4 2Q0.7
) 17.5 289,13
R,N 17.9 2RT .5
127.6 1R.N 285.1
17.5 1R,7? 2R3 ,4
25.0 1A.3 2K3 .4
35.0 1R.0N 2R3 R
&5, N 17.2 2R& T
55,0 14.2 2HE A
S .0 15.R 2HA LA
75.0 14,2 2R7.5
25,0 1.4 P2HR &
a5,n Q,R 2RG .2
3/7/70 4 S5 DAYS AFTER [wx
1u .
0.75 817 3n3.5
n.s 1.7 3rn.e
1.5 15.3 247 .0
72,8 1.3 PATY
2,5 1AL T 263,¢4
4,8 17.0 242.n
AN 17.3° 2Q0 .2
R ,0 17,6 2RR D
1.5 17.3 2RG K
17.% 17.7 2R3 7
25.0N 17.9 283 ,A
25,0 17.R8 PR3 A
“5,0 17.1 PRV
55,9 162 2K5.4
AS D 15.9 2RhAG 2
75.0 14.3 25741
RS, N 11.5 ' 284 .0
98,0 1Nn.0 2HR K
3/8/71 « A DNAYS AFTFER [ww
1R

A-13



-
1

2
NV

" & 5 e 4
R B ]

. e
PR T |

N D SNLP N oy -
=

Fox oy
5

L
>

H‘\.l')
[T
16,0
=5, N
uﬂ.r\
/10771,
1
n,24%
(AN

17.5

17.5

?5.N

38 .0

a5, 0n

55,0

AS5.0

75,0

Ry . N

Q5 . n
3/14/71.
18

«?5

e 5

« 9
q

W N~ D D

5.7

u,.n
1a,n
16,1
15.7
15,8
TAL1
14,5
1A.7
17.3
17.4
V7.4
17.0
1A
1A.0
LS
11.7
10,2

H NAYS AFTER Juw

4
.5
n

NN W

12,
14,1
la.7
15.0
15.3
15.4
15.9
1A.7
17.2
17.3
1ALR
16,2
16,1
14,6
17.0
10,6

12 NDAYS AFTER [RR,

P :
wWwNn e pN
L]
~N NN

30%.,1
304t
3000 N
297 .-
295, %
PASYANA
21,0
2RO ,.D
PRALT
2R4 3
ML )
2K G
284 A
2=5.7
AR
PRA LR
PRT .Y
2HR A

31N,.49
307 .+
303,11
,300.4
2GH K
297 .4
205°%3
292 .=
2HY  H
286 .9
PRALG
2HRS.9
28A,?
2RA .S
2R8A.9
787 A
2R8.4
2HY9 &4

312.4
308.0
302.5
299.5
2948.2

A-14



o~

x >r p
20w,

12.5
17.5
5.0
35.0
45,0
55.0N
65,0
75.0
RS .0
95,0
3/1R/71,
1K

b

*
NN ann pv

¢ o
-
-

DN gV XT I~ DD
L]

TR 5N e
H N

L Y .
23032 n., 45D

A&, N

75.0

25,0

48,0
3/25/71.
14

N.?5%
.5

P }
o]

N Do~ N
L]

—

Jda.0 26A,2
14,5 295.7
14,9 294 ~1
15.2 291.4
15.9 2HA 7
1A.6 2RA.D
16.A 287.3
14.3 287 .A
15.9 PRR O
16.0 2RNH,3
14,7 2RR .5
12.4 7848 .8
11.6 289,11

16 DAYS AFTER KK

7.1 31A.0
2.8 312.1
5.9 305.,.7
8.5 301 .4
11.8R 00,2
17.R 94,0
13.5 297 A
14,7 265,49
14,4 < P92 .R
15,2 2a0 )
15. A N 2-4Q .
19.6 PHRH LA
15.2 IRRLT
146 ,.% PRR =
14,9 7RR 9
13.9 PRu, N0
12.2 289, 2
12.46 R4, 3

23 NAYS AFTER [aw

1.9 ER A
2.7 317,46
4,9 3INS A
7.1 3n3.,1
R.7 IN] LA
11.5 , PIR &
1?.5 797,46
12.3 29A A
14.0 295.0
14,4 292.0

A-15



TN

.

20, 1.8 290.5
30. 15.0 290.n
50. 14.8 2RG.0
0. 164.2 2rQ.N
S0. 13.6 2RG.0N
100, 1.8 2Ra . 0
4/8/T71« 37 NAYS AFTFR [RR
13
N.25 1.40 322.A
' 0,75 1.90 371.5
1.50 2.50 317.0
?2.50 3.50 311.5
3.60 4,70 3NR .8
&, 50 S . RO INT O
AN 7.40 ING, 3
&.N0 Q9,20 301,.7
12.0 11.2 29KH,1
14.0 12.4 29,2
32.0 13.0 284 ,0 ;
AL 0 12.5 292.0
1nn, 12.0 290,0n
MIND DAY TEMP PROFIILFE NAWN
13
0,725 .70 322.4
n.78 7 R0 371.5
™ 1.50° 3,40 317.
?2.50 4, AN 211.%
3,50 S RO ANK K
“.50 ALRO Iin7.0
AJNO R.10 INa .3
R.D Q,R0 301.7
12.0 11.7 29K, 1
1A.0 17.4 295,72
32,0 13.0 2ua .0
AL . 0D 17.5 792.0
100, 12.0 260,0
/xR
/%
/%
/=
/%
/=
/%
/7

[GAT I

MOTSTIHRE PROFTLF

A-16
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APPENDIX B - SOURCE LISTING OF :rHE BURKE-PARIS MODEL.
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J/7RRACSAT I (SONLLLANLA. T NNANBNNOTHNO ) ONT il SEILFYEL=(2,0)
/[ ®mHORCER

//30A« < “

/) EXERC RNITeAM

J/SMICC R SYSQTA NN«

r T T T T T T
r
r MR TAEMTUMECS TREEPEWATHRE NS (s TR MONE) ng
I i W F 5 . wAe]S ’
C
C NMSF2 NMEEN Tl SeRCIRY THE BN o] .
C (1) AMGIFE NF DRSFYATION THETAT
[, (7))  “AVFILFRNGTR 1LAane fro €=
. () FOGTICAIL VAT AW F [
C
r Ce s ercesesesasseancasesaesesse st tes s eeasosats e se et ostmecnuttann
wFEAlL =4 TITLFRL70)
WEALRL L AMDA, TSN Nt ]
POMSTOALRY 1 1ot 2 018 3,014 0 S0 A Tet vttty *
COMMACAL /NI /MM AY D
COMMON /CETY /M A, YIINN ) S 1AaNY  TEMODEYOHND)
COMMOM/COML /XSSP T00 ) QNS {100 XI-AX ) ANDA
COMMON/ZA0MY /S (10N . S2 (1009
COMMOMY/CT/CTI.OT2 . CT3.0T4.0TS
COMMPOAM/OCM/OMY (WD, C0 ML VS
COMMONM /) NGT/E T 02,0, L Sl hgt Tolwat 00
C CCeeaonnosenssssnssscs
r
C €€ teetesesocsascssssscnse
C S
Pr=3_,14189
r [ ] . -
r TR 1R 1S TRUE TAEM NRPTH VARTATTI N NF MO QT wR ave TEup o [ O
C 1S NNT KNOWY  AMALYTICANLLY
C T 4 IS TRIFE Tefle SREFE SOELSET FOR NATE SFT FNRMAAT
r [F 1R IS FALSF TwEM SER RUMCTIOING  FNCH £ FMTP
c :
¥
C
R [ TRIUE
C
C .
AIMAXY2=10(0
C

&AM COANTINIIE




C
200
C

aXe!

OO0 O

450
470

O

100

401
400

IF (4NOT.LB) READ(S,750.,FNN=999) (CM1,(M?,CM3,CMG,((MS
[F (JNNT,LR) REAN(5.750,ENN=999) (CT1.0T72,CT3.,CT4,.(CTS

CONTINUE

LAMDA IS WAVELENGTH [N (M,

LAaMDA=1,55
PARM IS SURFACE ROUGHNESS PARAMETER

THFTAT IS ANGIE OF QRSFRVATIIN (NEGREE)

PARM=1.0N
PMAX=1.0

SET UP DEPTH GRIND IN SNIL LAYER

USING THE GRIND FIND MOISTURE AND TFMP AT GRID POINTS
CALCULATF THE SOIL PARAMETERS AT THFE GRIN POINTS

XMAX=3_,5%_AMDA

[F (1LAMDA,ILT.4.N) XMAX=20.,0%|_AMDA
IF (LR) CAILIL SOILSET(/999)

X=0.0

TF (JNOT,LR) SM(1)=FNSM(X)

Carr, SOILGRD

NN 450 [=1.NMAX

IF (XSNN(I[).LT.1.1) To=T

IF (XSNO(I).GFE,1L.Y) &0 T 470

CONT INUE

AVESM=(SM{1)1+SM(I0)Y) /2.

IF (JNNT,L8) AVESM=(FNSM(O,)+FNSMI1.))/2.
WRITE (6,675) AVESM,TEMP (1)

WRITE (6,660) LAMNDA
WRITE (A,700)
WRITE (A,800) ]

CONTINUE

caLtl. SOLPRO

00O 401 U=1,99

IF (SM{)).LT.0D.) GO TO 225
CONT INUE ’

CONT INUE

THETAI=0.00

WRITE (6,680) PARM
DEGI=THETAI=*P[/180O.



o~

(’\

O

¢

C

225

999

1
L25

AAD
AR(Q)
A0
~98
700

710
750
751
200

100

MUT2CRS(NEGT) .
CALLL HPM (MU PARM, XGNP TEMP (NMAXD TH, TR TV.TV])

WRITE (Ae751) THETAL . T.THR]1 TV, Tyl

CONT [MUE
PARM=DARM+N 2N

WRITF (A,A90)
WRITF {(A,AS95)

G TN son

CANT [MUE

WRITF (&,710) XSN|,

WRITE (A.710) xSm0

WRITE (A,T10) TENW

FNRMAT(7NnA1)

FARMAT (/7 4¢20X"FIFILN CHARACTERIISTIC 20 /20 ,%AyE Szt £100,0,
/20X, 0T QAL TEMB=Y F10 D)

FORMAT (/710X e WAVE .SNGTH =V S, 2,25, '0 .5,V *
FORMAT(// 410X P SURFACFE RONIGHAFRSS MAGAMETEL =t (Fli, 3}
FORMAT (/77777 03X 4! ¢ dacecovscsoscsssscoscesacsascscscscscssssossosnocses')
FORMAT(1HO)

FARMAT (/772X PANGLE (X VHORTIOMTAL W13 " RRTICAL Y /1T Gt R, T, Y,
TI8X, 'R, T, 1)

FIIRMAT(/43XeRF12,4)

FIORMATISF10,3)

FARMAT(SF10,.,3,15%X.,2F1N,2)

FORMAT(// 12X PSMONTHY LaX  RONIAHE 53, PCwNTwl J4X , VRO )
STNnp

NN

SURRNUTINE APMIMUL GPARM (X SN TEMP (NIAC) , TA, T, T4,T72)

REAI %4 MU, XSMIL L) TFMP (L)

CAr, RETNDT (] MUT qHH YV (PARE gHHT oYY )
ROUGH SHIRFACE TRANSMESSTON CNFES

TRANSI=],=HK]

TRANS?=],-VV1

SMNANTH SUIRFACE TRANSMISSIONMN COFFS

TRAMS3=], =HH

TRANSG4=] ,=VV

WRITF (A.100) TRANS3,TRAMSS

FNARMAT (20X, " FRESMFEI. TRANS=?',2E13,4)

Rl=GAMA{Y , ,MUT)

X1=XSNN(2)=XSMA( 1)

CAatl, REINNT{2MU[HRVV ,PARM ] 4YV] )

TRANSS=1,~HH

‘TRANSA=],-VV

B-4
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OO0

222

F1=Gl=%xx1

F0=0,0

IF (F1.LT.30.) FO=EXP(~-F1)
T1=TRANS1*(1.,-FO)%(],+HH®FO)*TEMP (1)
T2=TRANSZ*(1.-FO)% (1 ,+VVEFO)=TEMP (1)
T3=TRANS3%(1,=FN)%(] ,+HHRFQ)XTEMP (1)
T4=TRANSG®(1 ., =FO)®(] . +VVRFO)XTEMP (1)
TRANMP=TRANS1I®*TRANSS

TRANVP=TRANSZ2%TRANSA

TRANSH=TRANS3%TRANSS

TRANSV=TRANS4®=TRANSA

NMAX22=NMAX2=-2

DO 222 1=2,NMAX2?2

I1=1+1

G=GAMA(I,MUI)

X1= XSNO(I+1)-XSNO(I) .
Fl=6Gx%X1

IF (F1..T430,.) Fl=EXP(=F1)

IF {F1.6E.30.) F1=0.0:

CALL REINDT(I1+MUI HHP,VVP,PARM,HH]1,VV])
T1=T1+TRANHPXTEMP ([)x(1,=Fl)%(1.+HHP®F])%F0
T2=T2+TRANVPXTEMP([)%(1.=Fl)%{1.+VVPXF])%FO0
T3=T3+TRANSHETEMP ([ V®(1,-Fl)=(]1.+HHP%F])%FN
T4=T4+TRANSVETEMP([)%(1.=F1)%*(1.+VVPXF])=%FD
FO=FO%F1 v

IF (FO.LT.1.0Ez40) FO=0.0N
TRANHP=TRANHP® (1 ,~HHP )
TRANVP=TRANVP%x{1,=-VVP)

TRANSH=TRANSH=%(1 ,~HHP)
TRANSV=TRANSV*(1,=VVP)

CONT INUE

RETURN .

END ‘

FUNCTINN GAMA(I.MUT)

CALCULATES THE TOTAL EXTIMCTINN PER UNIT 1LENGTH
FOR I TH LAYER )
SEE BURKE AND PARIS EQN 2 & 3

COMPLEX DSOIL
REAL%*4 MUI,LAMNA ' ; ‘ o
CDMMﬂN/CﬂMl/XSNO(100)-XSOL(100)'XMAX AMDA
PI=3.14159 Sl
DR=REAL(DSOIL(I))
DI=AIMAG(NSOIL(TI))




OOOOOO0OO0OO

DI2=01=01
S=SORT(1.-MUI=MUT)

S$2=5*S -

DRS=DR-S2

DRS52=NRS*DRS
BETA=SQRT(O0.5=%DRS*(1,+SORT(1.+D12/NRS21))
ALFA=0.5%D[/BETA

GAMA=4 =PI ®=ALFA/LAMDA

RETURN -
END

SUBROUTINE REINDT(I,MUIlHH,VV ,PARM,HH],VV])

CALC. FRESNEL REFLEC AT SURFACE 1
I=] CORRESPONNS TO SNIL AIR [NTERFACF
I=243¢... CORRESPONNS TN SURFACF RAFTWEEN LAYER 1 &

SEE BURKE PARIS FOR NDATAIL
NASA TECH NOTE JSC

REAL®4 MUT

COMPLEX DSOIL«NSNOWIR.RP HNLHD e VNLVD
CNAMMON/ND/NMAX2

R1=REAL(NDSOIL(IMN
R2=AIMAG(DSOIL(I))

IF (1.EQ.,1) R3=1,00

IF ([.GT.1) R3=REAL(DSQIL(I=-11)

IF (I.EQ.1) R&=N,00 .

IF (1.6GT.1) R&=AIMAG(DSOIL(I=1))
SI=SQART(1.-MUIxMyl)

Al=R1-SI=%ST|

A2=R3=SI=S1

A3=x(R2/A])%x%x2 ’

Abz=(R4/A2) %22
BETAL=SQORT(O0.5=A1*(]1,+SORT(l.+43)))
RETA2=SQRT{0.5%A2=( 1, +SNORT(1.+44)))
ALFAL=0.5%R2/RETAL
ALFA2=0,5%R4/BETA?

R=CMPLX(BETALl,.ALFAL)
RP=CMPLX(BETAZ2,ALFA2)

HN=R=-RP

HD=R+RP

HHR=CABS(HN/HD ) *CABS(HN/HD)

IF (I1.EQ.,1) VN=R-RP=DSOILI(I)

IF (1.EQ.1) VD;R+RPtDSOTL(I)

2

ETCOF SOIL



IF (I.GT,1) VN=R%DSOIL(I-1)-RP=DSOILI(ID)
IF (1.6T41) VO=R%2DSOIL(I=-1)+RP=NSOILI(T)
VV=CABS({VN/VD)%CABSIVN/VD)
IF (PARM,FQ.,0.0.0R.I.GT.1) GO TO 100
DAMP=R1=-SI=%S|
HH1=HHXEXP(-PARM)
VV1=VVREXP(~PARM)
RETURN '
100 HH1l=HH
Vvli=vv
RETURN
END
FUNCTION FNSM(X)

THE ANALYTIC FUNCTINN FOR SOIL MOISTURE

X=0 IS AT THE TOP OF SOIL AND IT IS INCREASINS AS TwHE DEPTH
IMCREASES

SEF SOLPRD

OAOOOOOOO

SEE SOIL GRID

CAMMNN/CM/CM1,CM2,CM3,0M4,(CMS

FNSM=0,00

FNSM=CM]

RETURN

END .
FUNCTION FNTP(X) '

ANALYTIC FUNCTIUON FOR TEMPERATURE OF SOIL AT DERPTH X
X=0 IS AT THE TOP DF SOIL AND INCREASES WITH DEPTH
SEE SNLPRO

SEE SNIL GRID

OO0 OON

COMMON/CT/CT1,.,CT2.CT7T3,CT74,CT5
FNTP=0.00

Y=X

E1=0.0

X1=CT3=%xYy

IF (X1.LT.20.) EL=EXP(=X1) i

FNTP=CT1+CT2x%E]
RETURN ) .
END - -
SUBROUTINE FERT(N.X)

c FEBRURY TEMP ADJUSTMENT



sEalaleNeNaNelalel

C
C
c

[aNaNe

100

100

200 -

REAL %4 X (1)

0N 100 I=1.N
X(IIsX{N)+(X(T)=-X(NV)72.20
RETURN

END

SUBRNUT INE SOLGRD

SETTING UP GRIN IN SOIL LAYER

SETS UP THE GRIND IN X SPACE IN LOGARITHMIC MESH
X(1)=0,00 AND INCREASING AS DEPTH INCREASES
XSNO IS THE REGUILAR LOG GRIN ANG XSQOL ARE MID PINTS OF THIS GRID

LOGICALZT Llel2¢L3 el &sl.Selbol.TelLB,/LILO
CNMMNAN/NO/MMA X2
COMMNON/SETL/NLMAX.Y(100),SM(100},TEMP(100)
COMMON/COMLI/XSNO(1I00) . XSOL100)  XMAX,I_AMIDA
COMMON/LNGTI/L1eL2eL34L43 LS 1LALToLHLYLD
CaL=SM(1) :

IF (CAL.LE.O.OY CAL=N,.050

RO1=0.0010

XSNN(1)=0,00

PAS=AILNG(XMAX®CAL/RDL}/NMAX?

DN 100 [=2,NMAX2 .

=1

XSNNA(T)=RO1/CAL%EXP(Z]%pPAS)

THF MID PINTS CALC

XSOL(1)=(XSNO{1)+XSNO(2))/2.
NMAX21=NMAX2-]

DO 200 1=2,NMAX?1
XSOL{TY=sUXSND(TI)Y+XSNO(TI+1))/2.
CONTINUE

RETURN

END

SHBRNUTINE SOLPRO

.

CALCULATES THE SOIL MOISTURE AND TEMPERATURE AT GRID POINTS

REAL®4 ARG(6)VAL(6H)
LOGICAL=Y L1,L2,L3,L4.L5,LA,LT+LBsLIWLO
COMMON/COM1/XSNO(100) +XSOL(100) + XMAX,LAMDA



-

COMMON/NQ/NMAX2
CNMMON/SET1/NLMAX,Y(100),SM(100),TEMP{100)
COMMON/DUMY/S1(100),52(100)
COMMON/LOGI/L1,L24L3,L4,L5+L6,L7,LR,LY,LO
IF (.NOT.L8) GO TO 100
DO 10 I=1.NLMAX
SI(I1)=SM(I)
S2(1)1=TEMP(])
10 CONTINUE

NMAX21=NMAX2=~-1
DN 200 I=1,NMAX21
XXX=ARS(XSOL(I))
CALL ATSM(XXXeYeSLoNLMAX+1,ARGsVALVA)
CALL ALI(XXX.ARG.VAL.YYY.(MI.OE—OZ. IER)
SM(1)=YYY
CALL ATSM(XXXeYeS2+NLMAXy1,ARG,VALyH)
CALL ALT(XXX,ARGVAL.YYY 6,1.0E=02,ER)
TEMP(I)=YYY

200 CONTINUE
RETURN

100 CONTINUE
NMAX21=NMAX2-1
00 300 Is1,NMAX21
XXX=ARS(XSOL(I})
SM{T)=FNSM(XXX)

300 CONTINUE - .
ND 350 I=1,NMAX21
XXX=ARS (XSOL(I))
TEMP(I)=FNTP{ XXX)

350 CONTINUE

710 FORMAT(3X,8E12.4)
RETURN
END .
FUNCTION DSOIL(I)

THIS FUNCTION PROVINES THE DIELECTRIC CONSTANT FOR SOItL

COMPLEX DSOIL

LOGICAL=*L L1,L2.L3,L4.L5.L6,L7+LB+LGsLO
REAL*4 LAMDA,R211(9),R212(9),SM1(9)

REAL*4 ARG(6),VALI(6) '
COMMON/COM1/XSNO{100) «XSOL(100)+XMAX,LAMDA
COMMON/SET1/NLMAX,Y(100),SM(100),TEMP(100)
COMMON/LOGI/L1+L2+L3.L4,LS+L6,LT+LB,L9,LO
DATA SM1/0.0¢5.0+10:+15.+18.+200+224+2%4¢35./
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200

300
«00

410

500

600
700

X=0 AT TOP AND

DATA ‘R211/3.'405.6Q'7.S’9.'11.'14.’18.'36./
DATA R212/0.42+0.750100¢1.542.+42.B¢3.5¢4498./

YYY=SM({])
IF (YYY.LT.0.) GO TO AOO

IF (LAMDA.LE.Ll.55) GO TO 200
IF (LAMDA,GT.1.55.AND,.LAMDA,LE.3.3)

IF (LAMDA,GT.3.3,AND.LAMDALLE.22.) GO TO 400

IF (LAMDA.GT.22.) GO TO 600
R122,66+0,11%YYY
R2=0.084%YYY

IfF {YYY,LT.7.1) GO TO 500
Rl1==2.1+0,776=%YYY

IF (YYY.LT.10.3) GO TO 500
R2==-5,11+0.585%YYY

IF (YYY.LT,19.) GO TO 500
R1=7,85+0,25%YYY
R2=0.,26+0,29%YYY

GN TN S00

RETURN

CNNTINUE :

IF {(YYY.GE.11.5) GO TO 410
R1=22.56+0,29R%YYY
R2=0.06%YYY

GNn TO 500

R1==3,9+1,38xYYY
R2=-1,44+0,1R5%YYY
DSOIL=CMPLX{R1,R2)}

RETURN

WRITE (6,700)

GO TO 300

FORMAT(/////,20X,'s$8%8 SOIL DIELECTRIC CONSTANT IN ERROR ')

DSOIL=CMPLX(1l.0l.)
RETURN

END .
SUBRNUTINE SOLSET (=)

READ SNIL MOISTURE AND TEMPERATURE NATaA

DATA VALUES ARE AT NDEPTH X

INCREASING AS DEPTH INCREASES

IF TOP SOIL MOISTURE AND TEMPERATURE IS NOT GIVEN THEN

THROUGH QUADRATIC POLYNOMIAL

THE DATA WILL BE

SEE THE FORMAT BY WHICH THE DNATA WILL BRE READ

REAL=*4 TITLE(BO)

COMMON/SETL/NLMAX,Y(100)+.SM(100),.TEMP(100)
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INTERPOLATED 8UT

DEEP SOIL MOISTURE AND TEMPERATURE MUST RE PROVIDED



40

500

700

«00

410

420

425

430

440
450

COMMON/COML/XSNO (1001 +XSOL (100 ) + XMAX + LAMD A

READ(S5,10,END=600) (TITLE(LI)sI=1s75)

WRITE (6,10) (TITLE(Il),I=1,75)

READ(5,20) NL

DN &40 I=1,NL

CONTINUE

IF (XMAX.LT.0.00)
NLMAX=NL

IF (Y(1).EQ.0.0)
NLMAX=NLMAX+1

IF (NIL_MAX,GT.99)

BACKWNRN INTERPQOLATION TO 0ORTAIN

Y{T)Y,SMUT)Y,TEMP(])

GO TO 600

GO

GO

T3 S00

TO 600

SMM=SM(1)=-0,5*%(SM(2)=-SM(1))
TPP=TEMP(1)-0.5%*(TEMP(2)-TEMP{1})

IF (Y(NL).GE.XMAX) GO TQ 700

NLMAX=N[LMAX+]
IF (NLMAX.GT.99)
Y{NLMAX)=XMAX
SMINLMAX)=SM(NL)

GO

T0 600

TEMP (NLMAX)=TEMP (NL)

I[F (Y(1).EN.0.0)
DO 400 I=1,NL
XSaL(I)y=y(I)
Y{1)=0.00

DO 410 I=1,NL
Y{I+1)=XSOL(1I)
DN 420 T=1,NL
XSNLI)Yy=SM(1)
SM({1)=0.00

GO

TO 450

IF (SMM_GE.0.) SM(1)=SHMM

DO 425 TI=1.NL
SM(I+1)=XSOL(1I)
DO 430 I=1,NL
XSOL(I)=TEMP( )
TEMP(1)=TPP _
00 440 I=1,NL
TEMP(I+1)=xS0OLI(1I)
CONTINUE

B-11

VALUE AT X=0



RETURN
10 FORMAT (75A1)
20 FORMAT(I15)
30 FORMAT(3F10.2)
600 CONTINUE

IF (XMAX.LT.0.00) WRITE (6,730)

[F (NLMAX,.GT.99) WRITE (6.710)
710 FORMAT(15X,' NO OF POINTS IN SOIL GAPA SET TOQ LARGE!')

720 FORMAT(20X,*' SOIL DEPTH [N DATA SET-TOO LARGE ')

730 FORMAT(20X,' SOIL DEPTH HAS NOT BEEN SPECIFIEN PROPERLY!')
RETURN 1 :
END

// EXEC LINKGO,REGION.GO=150K

//GO.,SYSUDUMP DD SYSOUT=4A

//G0.,DATAS DD =*

B-12
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